Introduction
============

Obesity is a devastating epidemic worldwide and is associated with severe disorders including diabetes, hypertension and cardiovascular diseases. It has been recently determined that obesity is associated with low grade chronic systemic inflammation.^([@B1],[@B2])^ Disruption in the intestinal mucosal immunity could increase passage of lipopolysaccharide (LPS) from the lumen to the lamina propria, resulting in an increase in plasma levels of LPS, "metabolic endotoxemia", which plays a major role in the development of chronic systemic inflammation in response to ingestion of high-fat foods.^([@B3]--[@B5])^

Peyer's patches (PPs) are discrete areas of organized lymphoid tissue in the small intestine, with specialized membranous cells (M cells),^([@B6])^ and lacks an overlying brush border, mucoid glycocalyx, and hydrolytic enzymes characteristic of absorptive epithelium. Due to its specialized structure, adaptation for antigen sampling, and the induction of immune responses, the jejuna Peyer's patch-containing mucosa is more susceptible to probiotics invasion.^([@B7]--[@B9])^ In addition, mice that lacked PPs and mesenteric lymph nodes, failed to induce antigen-specific IgA responses, suggesting that PPs play a key role in the induction of specific IgA responses to orally administered antigens.^([@B10])^ Chassaing *et al.*^([@B11])^ showed that the earliest lesions of recurrent inflammatory bowel disease were erosions of PPs. Together, PPs are a major inductive and regulatory site for mucosal immunity.

PPs continuously take up gut luminal antigens through M cells, including both beneficial and antigens. Subsequent studies revealed that commensal bacteria persist in PPs dendritic cells (DCs), contributing to induction of local specific immune responses that limit dissemination no farther than the mesenteric lymph nodes, ultimately preventing systemic spread.^([@B12])^ However, in PPs exposed to pathogenic bacteria (e.g., *Shigella* and *Alcaligenes*),^([@B13],[@B14])^ high expression of proinflammator genes were measured, including tumor necrosis factor-α (TNF-α), interleukin 6 (IL-6), cyclooxygenase-2 (Cox-2), and interferon-γ (IFN-γ). Inflammatory bowel disease exhibited a higher level of pathogenic bacteria interaction with PPs and a higher level of translocation through M cell monolayers.^([@B11])^ There are positive correlation based between inflammatory bowel disease and obesity.^([@B15])^ Thus, it is compelling to investigate the relative contributions of indigenous opportunistic bacteria on the interior of the PPs to obesity and metabolic syndrome. However, most studies were focused on the impact of dietary on the luminal microbiota, and few have examined indigenous bacteria structures on the interior of the PPs.

On an high-fat diet (HFD), the C57BL/6J-male mice can be divided into obesity-prone (OP) and obesity-resistant (OR) phenotypes.^([@B16],[@B17])^ This two-phenotype model can be useful for elucidating mechanisms that drive obesity, and to identify physiological and biochemical differences between the two groups.

In this study, an animal model of a high-fat diet-induced OP or OR phenotype was used to test the hypothesis that the changes of indigenous opportunistic bacteria on the interior of the PPs are associated with obesity induced by high-fat diet.

Materials and Methods
=====================

Animal experiments
------------------

The animal experiment was performed in compliance with the fundamental guidelines for proper conduct of animal experiments and related activities in academic research institutions under the jurisdiction of the Ministry of Education of China and approved by the Jiangnan University Institutional Animal Care and Use Committee. Thirty-eight, 4-week-old, C57BL/6J-male mice were obtained from Shanghai Slac Laboratory Animal, Co., Ltd. (Shanghai, China); had been fed either a control diet (total calories 3.6 kcal/g, 10% calories in fat) or a HFD (total calories 4.7 kcal/g, 50% calories in fat). Mice were kept in an environmentally controlled breeding room (temperature: 23 ± 2°C, humidity: 60 ± 5%, 12 h light-dark cycle) and had free access to food and water throughout the study. After 25 weeks, 30 mice in HFD were classified by body weight gain (range from 28.1 to 42.3 g) into OP and OR, according to the method used previously.^([@B5],[@B16],[@B17])^ The 8 mice in the upper tertile of body weight gain (40.8 ± 1.5 g) were designated as OP mice and eight mice chosen at random from the lower tertile of body weight gain (29.3 ± 1.2 g, *p*\<0.05) as OR group. The food intake and body weight of each animal was measured every 2 weeks. Groups of eight mice were killed after a 4 h fast during deep anesthesia. The PPs were aseptically removed, flash frozen, and stored at --80°C until processing. Blood samples were collected and were isolated by centrifugation at 1,500 × *g* at 4°C for 10 min. Blood glucose was assayed using commercial kits (Jingmei BioTech Co. Ltd, Shenzhen, China) and estimated by the glucose oxidase method.

DNA extraction
--------------

PPs tissue specimens were placed in Betadine antiseptic solution (Seton Healthcare Group plc., Oldham, UK) for 3 min to disinfect the surface of each, as described by Hooper *et al.*^([@B18])^ Subsequently, tissues were vortexed in multiple 500 µl aliquots of phosphate-buffered saline (PBS) to encourage the removal of any bacteria on the tissue surface. Final washes were retained and analyzed by culture-dependent techniques to sure that surface decontamination was successful. Genomic DNA was extracted from each sample individually using a bead beating method followed by phenol/chloroform/isoamyl alcohol extraction as described previously.^([@B19])^ Briefly, a 100 mg aliquot of each homogenized sample was suspended while frozen in a solution containing 500 µl of DNA extraction buffer {\[200 mM Tris (pH 8.0), 200 mM NaCl, 20 mM EDTA\], 210 µl of 20% SDS, 500 µl of a mixture of phenol:chloroform:isoamyl alcohol (25:24:1)}, and 500 µl of a slurry of 0.1-mm-diameter zirconia/silica beads. Cells were then lysed by mechanical disruption with a bead beater set on high for 2 min (22°C), followed by extraction with phenol: chloroform: isoamyl alcohol, and precipitation with isopropanol. The quantity and quality of purified DNA was assessed using the E.Z.N.A DNA Assay Kit (Omega Biotech, Doraville, GA).

An Analysis of the indigenous opportunistic bacteria on the interior of PPs by pyrosequencing of 16S rRNA tags
--------------------------------------------------------------------------------------------------------------

Before pyrosequencing, the above DNA of each sample was amplified with a set of primers targeting the hypervariable V1--V3 region of the 16S rRNA gene (RDP's Pyrosequencing Pipeline: http://pyro.cme.msu.edu/pyro/help.jsp). The forward primer is 533R of 5\'-TTA CCG CGG CTG CTG GCA C-3\', and the reverse primer is 27 F of 5\'-AGA GTT TGA TCC TGG CTC AG-3\' (Shanghai Majorbio Bio-Pharm Tech, Shanghai, China). Barcodes that allow sample multiplexing during pyrosequencing were incorporated between the 454 adaptor and the forward primer. Prior to sequencing, amplicons from the individual PCR samples were quantified using the Quant-iT Pico Green double stranded DNA assay (Invitrogen, Carlsbad, CA) and quality controlled on a GeneAmp 9700 thermal cycler (Applied Biosystems, Foster City, CA).

The pooled DNA samples were adapter ligated with beads and amplified by emulsion PCR using a Roche GS FLX Titanium SV emPCR kit. Beads were counted after emulsion PCR, and the same amount of beads was put in a PicoTiterPlate. Pyrosequencing was performed using the genome sequencer FLX system (Roche, Nutley, NJ). Sequences obtained from pyrosequencing were analyzed with 454 Base Caller 2.3 in genome sequencer FLX system software (Roche). The results are deposited into the NCBI short reads the archive database (accession number: SRP031866).

Taxonomy-based analysis at the phylum and genus levels were performed by assigning taxonomic status to each sequence using BLAST and Ribosomal Database Project (RDP) Classifier.^([@B20],[@B21])^

Specific quantification of bacteria by quantitative real-time PCR
-----------------------------------------------------------------

Quantitative real-time PCR (qPCR) was performed on an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) as described by Fierer *et al.*^([@B22])^ Primers were published in Table [1](#T1){ref-type="table"}. qPCR assays were performed in each 10 µl reaction using AccuPower 2x Greenstar qPCR Mastermix (Bioneer, Seoul, Korea) with the following parameters: 1 cycle of 95°C for 5 min; 45 cycles of 95°C for 20 s, annealing temperature and time given in Table [1](#T1){ref-type="table"} and 72°C for 20 s; and 1 cycle of 72°C for 5 min.^([@B23])^ A melting curve analysis was performed after amplification. All samples were analysed in duplicate.

Quantitative real-time PCR for IL-10, IL-6, TNF-α
-------------------------------------------------

RT-PCR was performed using an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). The primers used for the amplification are as follows: Zo-1, forward primer: 5\'-ACC CGA AAC TGA TGC TGT GGA TAG-3\' and reverse primer: 5\'-AAA TGG CCG GGC AGA ACT TGT GTA; Occludin, forward primer: 5\'-ATG TCC GGC CGA TGC TCT C-3\' and reverse primer: 5\'-TTT GGC TGC TCT TGG GTC TGT AT-3\'; claudin-1, forward primer: 5\'-AGC CAG GAG CCT CGC CCC GCA GCT GCA-3\' and reverse primer: 5\'-CGG GTT GCC TGC AAA GT-3\'; JAM (junctional adhesion molecule), forward primer: 5\'-AGT CCG TGA CAC GGG AAG AC-3\' and reverse primer: 5\'-CAC AAG CAC GAT GAG CTT GAC-3\'; TNF-α, forward primer: 5\'-CAG GGG CCA CCA CGC TCT TC-3\' and reverse primer: 5\'-CTT GGG GCA GGG GCT CTT GAC-3\'; IL-6, forward primer: 5\'-CTG CAA GAG ACT TCC ATC CAG TT-3\' and reverse primer: 5\'-GAA GTA GGG AAG GCC TGG-3\'; IL-10, forward primer: 5-GCT CTT ACT GAC TGG CAT GAG-3\', reverse primer: 5\'-CGC AGC TCT AGG AGC ATG TG-3\'. β-Actin was amplified for use as an internal control. Data was normalized to L32 RNA (ΔΔC~T~ analysis).

Statistical analysis
--------------------

Statistical analysis for the animal experiment was performed using SPSS 11.5 (SPSS, Inc., Chicago, IL). One-way analysis of variance (ANOVA) was used to assess the effects of treatments. Significant differences were accepted at *p* values of \<0.05. To assess the diversity of the indigenous opportunistic bacteria on the interior of PPs, the Shannon diversity index and evenness were calculated from the number of OTUs assigned at the phyla and the genus level. Principal component analysis plots (PcoA) were constructed based on the unweighted UniFrac distance metric. Results of qPCR are presented as the ratio of the copy number of the bacteria group to the copy number obtained in the universal bacteria assay. The relative abundances of the bacteria groups on various phylogenetic levels and diversity indices were compared between pet mice samples using various statistical procedures. Pearson's correlation coefficient was used to determine the relation of inflammation markers in PPs to gut microbiota.

Result
======

Long-term effects of HFD intake on health phenotypes
----------------------------------------------------

After 25 weeks on a high fat diet, two different phenotypes emerged within the HFD group; animals with the highest body weight were assigned to the OP group, the other mice were designated OR. OP mice had a significantly higher body weight compared with CT group (40.8 ± 1.5 g vs 27.6 ± 1.3 g, *p*\<0.05; Fig. [1](#F1){ref-type="fig"}A) and with the OR group (40.8 ± 1.5 g vs 29.3 ± 1.2 g, *p*\<0.05; Fig. [1](#F1){ref-type="fig"}A). There was a significant difference in the quantity of energy intake between the groups was observed (Fig. [1](#F1){ref-type="fig"}B). Furthermore, fasting blood glucose levels in the OP group were significantly increased compared with CT and OR animals (Fig. [1](#F1){ref-type="fig"}C). However, no significant differences were observed in body weight and fasting blood glucose levels between CT and OR phenotypes.

Effectiveness check of the raw reads
------------------------------------

In this study, we obtained 6,654, 6,871, and 7,345 raw reads for the CT, OP and OR samples, respectively. After initial quality check mentioned above, the chimera and Achaea sequences were also checked and filtered out. As shown in Table [2](#T2){ref-type="table"}, 48--53% of the raw reads met the standards of quality and length. The flagged reads were considered as chimeras by using Chimera Slayer in Mothur package. Some of these chimeras may represent naturally generated sequences that do not represent PCR artifacts and are not recommended to be randomly discarded. All the chimeras picked by Chimera Slayer were submitted to RDP classifier for further checking. In this way, only those sequences that cannot be assigned into a genus were considered as real chimeras and excluded in the following analysis. Some sequences were assigned to Archaea by the RDP classifier, although the utilized primers were bacteria specific primers. At last, 4,791 effective bacteria sequences were extracted from each sample to do the downstream analysis.

The community composition of bacteria on the interior of PPs by pyrosequencing
------------------------------------------------------------------------------

To compare the bacteria species richness on the interior of PPs, operational taxonomic units (OTUs) were analyzed for each sample at distance levels of 3 and 5% (Table [2](#T2){ref-type="table"}). The OTU number in the CT and OR group was significantly larger than that in the OP group at distance cutoff levels of 3 and 5%, respectively. The bacteria phylotype richness levels can also be reflected by using Chao 1 estimator and Shannon index, which also showed that CT and OR group had a significantly larger bacteria diversity than that in the OP group (Table [2](#T2){ref-type="table"}). The rarefaction curves of the three groups at distance cutoff levels of 3, 5 and 10%, demonstrated that the bacteria phylotype richness of the CT and OR sample was much higher than that of the OP samples (Fig. [2](#F2){ref-type="fig"}).

Abundances of different bacteria communities at the phylum and genus level were compared among CT, OP, and OR mice (Fig. [3](#F3){ref-type="fig"}). The most represented phylum in all subjects was *Firmicutes*, accounting for about 77--85% of sequences. The second and third most represented phylum was *Proteobacteria* (about 6--12%) and *Bacteroidetes* (about 5%), respectively. No significant differences were observed among CT, OP, and OR groups at the phylum level of *Firmicutes* and *Bacteroidetes*. At phylum level, *Proteobacteria* were significantly increased by 1.6-fold in OP mice and by 2.2-fold in OR mice (Fig. [3](#F3){ref-type="fig"}A). In addition, *Actinobacteria* and *Verrucomicrobia* were significantly increased (*p*\<0.05), whereas *Candidate_division_TM7* and *Deferribacteres* were reduced in OP and OR mice compared with CT group. Except for the significant increases in *Candidate_division_TM7*and *Verrucomicrobia* in OR mice, no significant differences were observed in *Actinobacteria* and *Deferribacteres* between OP and OR phenotypes (Fig. [3](#F3){ref-type="fig"}B).

At the genus level (Fig. [3](#F3){ref-type="fig"}C and [4](#F4){ref-type="fig"}), the most represented genera in all subjects were *Lactococcus* and *Turicibacter*, accounting for about 29--47% and 11--14%, respectively. *Allobaculum* represented about 7.6% of genes in the CT group, but was 1.5% of genes in the OR group and even 0.1% of genes in the OP group. Significant differences were observed in the composition of bacteria on the interior of PPs at the genera level (Fig. [4](#F4){ref-type="fig"}). The proportion of *Lactococcus* and *Rhizobium* were significantly increased in the OP group compared with the CT and OR group (*Lactococcus*, OP vs CT, 47.48 ± 2.62% vs 28.72 ± 1.17%, *p*\<0.05; OP vs OR, 47.48 ± 2.62% vs 37.33 ± 1.50%, *p*\<0.05; *Rhizobium*, OP vs CT, 2.45 ± 0.31% vs 0.94 ± 0.06%, *p*\<0.05; OP vs OR, 2.45 ± 0.31% vs 1.24 ± 0.15%, *p*\<0.05), whereas the proportion of *Allobaculum* and *Lactobacillus* were significantly reduced (*Allobaculum*, OP vs CT, 0.11 ± 0.01% vs 7.56 ± 0.58%, *p*\<0.05; OP vs OR, 0.11 ± 0.01% vs 1.54 ± 0.03%, *p*\<0.05; *Lactobacillus*, OP vs CT, 0.33 ± 0.06% vs 3.87 ± 0.37%, *p*\<0.05; OP vs OR, 0.33 ± 0.06% vs 1.24 ± 0.09%, *p*\<0.05). Several genera of the microbial community were significantly increased in the OP and OR group compared with the CT mice, including *Streptococcus*, *Pseudomonas*,*Comamonas* and *Flavobacterium*. Except for the significant increases in *Pseudomonas* in OR mice, no significant differences were observed in the proportion of *Streptococcus*, *Comamonas*, and *Flavobacterium* between OP and OR phenotypes. Principal component analysis of the indigenous opportunistic bacteria on the interior of PPs among different groups resulted in distinct clusters (Fig. [3](#F3){ref-type="fig"}D).

Selected bacteria genera on the interior of PPs was estimated by qPCR
---------------------------------------------------------------------

There was no significant difference in abundance of *Firmicute* and *Bacteroidetes* among CT, OP, and OR mice (Table [3](#T3){ref-type="table"}). α*-Proteobacteria* and β*-Proteobacteria* were significantly increased in OP mice compared with CT group. HFD induced OP mice significantly decreased the abundance of *Lactobacillus* and significantly increased the abundance of *Pseudomonas* compared with OR and CT groups (Table [3](#T3){ref-type="table"}). Together, these differences in bacteria composition were nearly consistent between 454 pyrosequencing and qPCR.

Intestinal permeability markers in ileal sections and inflammation markers in PPs
---------------------------------------------------------------------------------

We demonstrated that OP mice dramatically increased intestinal permeability by a mechanism associated with a reduced expression of epithelial tight junction proteins such as Zo-1, Occludin, Claudin-1, and JAM (Fig. [5](#F5){ref-type="fig"}A), although only a tendency was observed for Occludin. There was no significant differences in Zo-1 and Occludin mRNA expression between OR and CT group. qPCR analyses of pro- and anti-inflammatory cytokines in PPs revealed that the expressions of pro-inflammatory cytokines (IL-6 and TNF-α) were significantly increased in the OP mice compared with the CT and OR mice, whereas anti-inflammatory (IL-10) was significantly decreased (Fig. [5](#F5){ref-type="fig"}B). Except for the significant increases of TNF-α in the OR mice, no significant differences were observed in the relative expression of IL-6 and IL-10 between OR and CT group (Fig. [5](#F5){ref-type="fig"}B).

Relationship between gut microbiota and inflammation markers in PPs
-------------------------------------------------------------------

The relationship between top 5 abundance genera bacteria on the interior of PPs and inflammation markers was analyzed (Table [4](#T4){ref-type="table"}). The mRNA expression of IL-6 was positively and significantly correlated with *Lactococcus*, whereas negatively correlated with *Allobaculum* and *Lactobacillus* (*p*\<0.05). A positive correlation was found between IL-10 mRNA and *Allobaculum* and *Lactobacillus* (*p*\<0.05), but a negative correlation was found between IL-10 mRNA and *Lactococcus*. The mRNA expression of TNF-α was positively correlated with *Lactococcus* and *Rhizobium*, whereas negatively correlated with *Lactobacillus* (*p*\<0.05).

Discussion
==========

The current study is the first to investigate possible differences in the composition of the indigenous opportunistic bacteria on the interior of PPs among CT, obesity-prone and obesity-resistant mice induced by HFD. Using both pyrosequencing and qPCR techniques, we did observe clear differences in the interior of PPs microbial populations of CT, OP, and OR mice.

According to pyrosequencing analysis, the OTU number, Chao 1 estimator, and Shannon index in CT and OR groups was higher than that of OP mice, suggesting that CT and OR group had a significantly larger bacteria diversity than that in the OP group. These data are in agreement with that gut luminal bacteria diversity was reduced in obese individuals.^([@B25])^ This may be because that bacteria on the interior of PPs is mostly sampled by M cells or DCs from gut luminal bacteria, which resides outside the layer of mucus and covers the intestinal epithelial cells.^([@B26])^ Interesting, *Firmicutes* was found to be the dominant phylum bacteria in the PPs in all groups, followed by *Proteobacteria*. This observation is, however, in disagreement with recently published data on *Firmicutes* and *Bacteroidetes* were the major luminal microbiota phylum in obesity mice and humans.^([@B24],[@B27],[@B28])^ Not all bacteria can gain access to M cells, given that size restrictions are set by a glycocalix.^([@B29])^ Considering the growing knowledge about the complexity of the intestinal microbiome, it becomes obvious that the analysis of the composition on the phylum level can not reveal compositional changes that affect only certain bacteria subgroups, we then analysed the corresponding genera in more detail. Most of the sequences from *Firmicutes* belonged to the genera *Lactococcus*, *Turicibacter*, and *Allobaculum*, whereas most of the sequences from *Proteobacteria* belonged to the genera *Pseudomonas* and*Rhizobium*.

Differences in certain bacteria subgroups among CT, OP, and OR mice have been investigated. High-fat feeding induced a significant increase in *Streptococcus*, *Comamonas*, and *Flavobacterium*; moreover, these changes were independent of the obesity-prone or obesity-resistant phenotype. This suggests that high-fat feeding induces changes in several genera (i.e., *Streptococcus*, *Comamonas*, and *Flavobacterium*) but that this is not always associated with obesity, which is in agreement with the previous report about gut microbiota.^([@B5])^ Interesting, *Allobaculum* and *Lactobacillus* was significantly decreased in OP mice compared with CT and OR mice, accounting for less than 0.5% of the sequences, whereas *Rhizobium* and *Lactococcus* were significantly increased. Several independent studies showed that obese mice have lower abundances of *Allobaculum* in gut lumen than animals fed the control diet,^([@B4],[@B30])^ whichwas enriched in the weight reduced mice.^([@B19])^ Furthermore, *Allobaculum* relative abundance has been reported to be positively correlated with plasma HDL concentrations in hamsters fed a diet supplemented with grain sorghum lipid extract^([@B31])^ and negatively correlated with leptin concentration.^([@B19])^ *Lactobacillius* was significantly decreased in colonic contents of HFD mice.^([@B32])^ Moreover, Mantis*et al.*^([@B33])^ found that the association of a *Lactobacillus* with non-specific SigA enhanced probiotic adhesion by a factor of ⩾3.4-fold and transiting through an M cell from the lumen to the PPs. Tsai *et al.*^([@B34])^ showed that feeding with *Lactobacillus*induced stronger CD4^+^ T cell-DCs interaction, enhanced CD4^+^ T cell and B cell proliferation, and increased IL-1β, IL-10, IL-12, IFN-γ, and TNF-α mRNA expression in PPs, which could enhance immunosurveillance to prevent intestinal infections or other intestinal pathologies. Poutahidis *et al.*^([@B35])^ discovered that oral *Lactobacillus reuteri* therapy alone was sufficient to change the pro-inflammatory immune cell profile and prevent abdominal fat pathology and age-associated weight gain in mice Westernized 'fast food' diet. *Rhizobium*, as symbionts in plant root nodule cells, is contact with the cytoplasm of the host cell by symbiosomes, which are closely related to compounds in the plant's immune system. Recent studies demonstrated that *Rhizobium* LPSs induce CD14 expression in bone marrow cells by a TLR4 and TLR2 mechanism.^([@B36])^

*Pseudomonas* genus is an opportunistic, gram-negative pathogen associated with many hospital-acquired infections and disease states,^([@B37])^ such as *P. aeruginosa* and *P. fluorescens*. show an important pathogenic potential and trigger a specific inflammatory response in enterocytes.^([@B38],[@B39])^ Moreover, Madi *et al.*^([@B40])^ found recently that *P. fluorescens* can be cytotoxic in Caco-2/TC7 intestinal cells, invade the target cell, and translocate from the luminal to the internal compartment. In our current study, the genus *Pseudomonas* was significantly increased in high-fat diet groups (OP and OR) compared with the control diet. Surprisingly, obesity-resistant mice with the lower body weight had a significant higher *Pseudomonas* relative abundance than obesity-prone mice.

The reason for the different composition of indigenous opportunistic bacteria on the interior of PPs between obesity-prone and obesity-resisitant is not clear, so it remains to be established how luminal bacteria communities gain access to PPs. One possibility is that commensal bacteria first become opsonized by natural polyreactive IgA antibodies and then undergo IgA-mediated apical-to-basal transepithelial migration across M cells into a PPs.^([@B41])^ Obata *et al.*^([@B14])^ showed that the numbers of *Alcaligenes* decreased in the absence of B cells and mucosal Abs, suggesting that Abs may play a critical role in the PPs tissue colonization by these bacteria. In addition, these enteroinvasive pathogens (e.g., *Salmonella typhimurium*, *Listeria*, and *Yersinia*) can express the nvasion that permits the invasion of nonphagocytic cells, and then enter the PPs, presumably via a DC-mediated mechanism.^([@B9])^

Some bacteria in OP mice can potentially trigger a specific inflammatory response, and in ture, play a key role in the development of obesity. Some bacteria-loaded DCs migrate from epithelial and subepithelial areas to the T cell-rich interfollicular regions of PPs, where they initiate a polarized T helper type-2 (Th2) response characterized by the release of noninflammatory cytokines with B cell-activating functions, including IL-6,^([@B42])^ TNF-α, retinoic acid, and IL-10, to induce CD4^+^CD25^+^Foxp3^+^ T regulatory (Treg) cells, CD4^+^CD25^−^Foxp3^−^ T regulatory type 1 (Tr1) cells, and regulatory Th17 cells. In our study, significant correlations between mRNA expression of IL-6, IL-10, TNF-α and the top 5 abundance genera bacteria on the interior of PPs were also observed (Table [4](#T4){ref-type="table"}). Moreover, it has already been demonstrated that*Alcaligenes* produce antimicrobial substances inhibiting growth of other bacteria, such as *E. coli*, *Streptococcus pyogenes*, *Pseudomonas* *aeruginosa*, and *Staphylococcus aureus*, and may be beneficial for the host by eliminating other opportunistic and pathogenic bacteria at their portal of entry.^([@B14])^ Thus, the composition of the bacteria species that initially colonizes our guts at birth may have a significant impact on our metabolic health later in life. This line of investigation is now being intensively studied in our laboratory to further elucidate the significance of commensal microbiota that inhabits both systemic and mucosal lymphoid tissues.

In summary, indigenous opportunistic bacteria on the interior of PPs was significantly different among control diet mice, high-fat diet induced obesity-prone mice, and obiestiy-resistant mice. By cohabiting within the organized PPs, these bacteria affect the development and maturation of the host mucosal immune system. Further, the PP-inhabiting, commensal microbiota are an additional element that contributes to maintaining immunologic homeostasis in the host.
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![Phenotypes of different mice groups. (A) Growth curve established using the average body weight of three groups every 2 weeks. (B) Average energy intake per day of the three groups of mice. (C) Fasting plasma glucose level (*n* = 8 in each group). Mean values ± SE are shown. Mean values were significantly different compared with that of CT group: \**p*\<0.05. Mean values were significantly different compared with that of the OP group: ^\#^*p*\<0.05. CT, normal chow diet-fed mice; OP, high-fat diet-induced obesity-prone mice; OR, high-fat diet-induced obesity-resistant mice.](jcbn14-38f01){#F1}

![Rarefaction curves of the three groups at cutoff levels of 3, 5 and 10% created by using RDP's pyrosequencing pipeline. CT, normal chow diet-fed mice; OP, high-fat diet-induced obesity-prone mice; OR, high-fat diet-induced obesity-resistant mice.](jcbn14-38f02){#F2}

![Relative abundances of distinct major phyla are shown in panel (A). Other minor phyla with trace abundance are shown in panel (B). Relative abundances of distinct genus are shown in panel (C) (the results were obtained by using BLASTN combined with MEGAN). (D) Principal component analysis plots (PcoA) were constructed based on the unweighted UniFrac distance metric. CT: black circle, OP: red triangle, OR: blue square. CT, normal chow diet-fed mice; OP, high-fat diet-induced obesity-prone mice; OR, high-fat diet-induced obesity-resistant mice.](jcbn14-38f03){#F3}

![Abundance of top 14 genera bacteria on the interior of PPs in CT, OP, and OR animals, analyzed by pyrosequencing of 16S rRNA tagsa. Values are expressed as mean ± SE. Mean values were significantly different compared with that of CT group: \**p*\<0.05. Mean values were significantly different compared with that of the OP group: ^\#^*p*\<0.05. CT, normal chow diet-fed mice; OP, high-fat diet-induced obesity-prone mice; OR, high-fat diet-induced obesity-resistant mice.](jcbn14-38f04){#F4}

![Intestinal permeability markers in ileal sections and inflammation markers in PPs. For qPCR assays of the epithelial tight junction proteins markers (Zo-1 and Occludin) (A) and IL-6, IL-10, and TNF-α mRNAs (B), each relative mRNA expression was determined by the ratio of intensity to β-actin production. Values are expressed as mean ± SE (*n* = 8). Mean values were significantly different compared with that of CT group: \**p*\<0.05. Mean values were significantly different compared with that of the OP group: ^\#^*p*\<0.05. CT, normal chow diet-fed mice; OP, high-fat diet-induced obesity-prone mice; OR, high-fat diet-induced obesity-resistant mice.](jcbn14-38f05){#F5}

###### 

Sequences of primers and protocols used for qPCR

  Assay                    Primer sequences (5\'-3\')   Annealing T and time   References
  ------------------------ ---------------------------- ---------------------- ---------------------------
  Universal bacteria                                                           
   EUB338                  ACTCCTACGGGAGGCAGCAG         53°C for 10 s          Fierer *et al.*^([@B22])^
   EUB518                  ATTACCGCGGCTGCTGG                                   
  Phylum *Firmicutes*                                                          
   Lgc353                  GCAGTAGGGAATCTTCCG           58°C for 10 s          Fierer *et al.*^([@B22])^
   EUB518                  ATTACCGCGGCTGCTGG                                   
  Phylum *Bacteroidetes*                                                       
   Cfb319                  GTACTGAGACACGGACCA           60°C for 30 s          Fierer *et al.*^([@B22])^
   Eub518                  ATTACCGCGGCTGCTGG                                   
  *Lactobacillus*group                                                         
   LacRT F                 AGCAGTAGGGAATCTTCCA          58°C for 15 s          Walter *et al.*^([@B23])^
   LacRT R                 CACCGCTACACATGGAG                                   
  *Pseudomonas*group                                                           
   Ps-F                    GGTCTGAGAGGATGATCAGT         58°C for 15 s          Widmer *et al.*^([@B24])^
   Ps-R                    TTAGCTCCACCTCGCGGC                                  
  α-*Proteobacteria*                                                           
   Alf685                  TCTACGRATTTCACCYCTAC         60°C for 10 s          Fierer *et al.*^([@B22])^
   EUB338                  ACTCCTACGGGAGGCAGCAG                                
  β-*Proteobacteria*                                                           
   Bet680                  TCACTGCTACACGYG              60°C for 10 s          Fierer *et al.*^([@B22])^
   EUB338                  ACTCCTACGGGAGGCAGCAG                                

###### 

Sequences from the three samples

  Sample name   Reads   Sequences   3% distance   5% distance                                                                          
  ------------- ------- ----------- ------------- ------------- ----------- ---------- --------- ------ --------- ---------- --------- ------
  CT            6,554   3,172       7,548         4,791         989         4.15       604       95.2   586       3.65       400       97.3
  OP            6,871   3,645       7,265         4,791         926\*       3.81\*     568\*     95.1   533\*     3.34\*     366\*     97.2
  OR            7,345   3,873       8,030         4,791         1,023^\#^   4.09^\#^   610^\#^   95.2   601^\#^   3.59^\#^   408^\#^   97.2

\**p*\<0.05 compared with CT group, ^\#^*p*\<0.05 compared with OP group. CT, normal chow diet-fed mice; OP, high-fat diet-induced obesity-prone mice; OR, high-fat diet-induced obesity-resistant mice.

###### 

Bacteria groups on the interior of Peyer's patches from CT, OP, and OR mice measured by qPCR

       Phylum *Firmicutes*   α-*Proteobacteria*   β-*Proteobacteria*   Phylum *Bacteroidetes*   *Lactobacillus* group   *Pseudomonas* group
  ---- --------------------- -------------------- -------------------- ------------------------ ----------------------- ---------------------
  CT   0.43 ± 0.11           0.11 ± 0.09          0.21 ± 0.06          0.11 ± 0.05              0.35 ± 0.09             0.23 ± 0.06
  OP   0.42 ± 0.10           0.22 ± 0.13\*        0.32 ± 0.09\*        0.14 ± 0.09              0.10 ± 0.12\*           0.45 ± 0.19\*
  OR   0.39 ± 0.12           0.17 ± 0.10          0.24 ± 0.09          0.13 ± 0.03              0.24 ± 0.06\*^\#^       0.33 ± 0.21\*^\#^

Results are presented as proportion of total bacteria copies. \**p*\<0.05 compared with CT group, ^\#^*p*\<0.05 compared with OP group. Values are expressed as mean ± SE (*n* = 8). CT, normal chow diet-fed mice; OP, high-fat diet-induced obesity-prone mice; OR, high-fat diet-induced obesity-resistant mice.

###### 

Inflammation markers in Peyer's patches correlated with *Lactococcus*, *Allobaculum*, *Streptococcus*, *Lactobacillus* and*Rhizobium*

                                     *Lactococcus* (%)   *Allobaculum* (%)   *Lactobacillus* (%)   *Streptococcus* (%)   *Rhizobium* (%)
  ---------------------------------- ------------------- ------------------- --------------------- --------------------- -----------------
  IL-6 mRNA (Relative expression)    *r* = 0.865         *r* = --0.903       *r* = --0.863         *r* = 0.804           *r* = 0.990
  *p* = 0.084                        *p* = 0.036\*       *p* = 0.023\*       *p* = 0.091           *p* = 0.061           
  IL-10 mRNA (Relative expression)   *r* = --0.774       *r* = 0.726         *r* = 0.785           *r* = --0.824         *r* = --0.985
  *p* = 0.021\*                      *p* = 0.035\*       *p* = 0.030\*       *p* = 0.074           *p* = 0.077           
  TNF-α mRNA (Relative expression)   *r* = 0.982         *r* = --0.752       *r* = --0.908         *r* = 0.846           *r* = 0.718
  *p* = 0.032\*                      *p* = 0.131         *p* = 0.024\*       *p* = 0.156           *p* = 0.040\*         

Correlations between IL-6 mRNA and the percentage of *Lactococcus*, *Allobaculum*, *Streptococcus*, *Lactobacillus* and *Rhizobium*; Correlations between IL-10 mRNA and the percentage of *Lactococcus*, *Allobaculum*, *Streptococcus*, *Lactobacillus* and *Rhizobium*; Correlations between TNF-α mRNA and the percentage of *Lactococcus*, *Allobaculum*, *Streptococcus*, *Lactobacillus* and *Rhizobium*. \**p*\<0.05; inset corresponds to Pearson's *r* correlation and corresponding *p* value.
